Background. The study of renal tubular transport requires the ability to accurately measure ion concentrations in samples taken from single tubules. Sample collection and analysis are laborious, so methods allowing determination of multiple ion species in a small volume sample are advantageous. This article describes a method for the simultaneous analysis of anions at physiologic concentrations in nanoliter volumes of tubular fluid.
C 2005 by the International Society of Nephrology in which tubular fluid volumes of significantly less than 1 lL are usually obtained.
For measurements in small sample volumes, a range of different techniques has been employed. Bicarbonate concentration has been determined by calorimetry [4] , fluorimetry [5] , and by the use of microelectrodes [6] . Chloride concentration has been determined by spectroscopic [7] [8] [9] [10] , electrochemical [6, 11] , and radioisotopic methods [12, 13] . Phosphate has been measured using microcolorimetric techniques [14, 15] . Although these techniques are capable of quantifying individual anion species in small volumes at physiologic concentrations, they require specialized equipment, and do not have the advantage of allowing simultaneous anion analysis.
Capillary electrophoresis (CE) is a technique that requires only small sample volumes, and can be applied to a wide range of samples and analytes [16] . It has been used previously for the analysis of small ions in aqueous samples [17] . Our group has reported simultaneous analysis of cations in tubular fluid using conductivity detection [18] ; we now report a method for simultaneous analysis of anions in tubular fluid using the more widely available ultraviolet (UV) detection technique.
METHODS

Analysis method
A Beckman P/ACE 5500 capillary electrophoresis system with a 254 nm filter and a photomultiplier tube UV detector, controlled by a Beckman P/ACE station version 1.1 (Beckman Coulter UK, Ltd., High Wycombe, Bucks, UK) was used for the analysis. The analysis capillary was fused silica: 50 lm inner diameter, 375 lm outer diameter, 37 cm total length (30 cm to detector) (Composite Metal Services, Ltd., Hallow, Worcs, UK). Figure 1 shows a schematic diagram of the apparatus. The instrument parameters are shown in Table 1 , and the run conditions in Table 2 . Prior to each batch of measurements, the capillary was flushed with run buffer at 20 pounds per square inch for 10 minutes, followed by a series of 5 blank samples. This procedure was sufficient to produce a stable baseline. The volumetric flasks and bottles used for buffers and standards were all made from high-purity polypropylene [Nalgene (Europe), Ltd., Rotherwas Industrial Estate, Hereford, UK). All containers (sampling vials, volumetric flasks, pipette tips, and standard bottles) were rinsed and stored in deionized water until the day of analysis, when they were then rinsed 5 times with deionized water and allowed to air dry. Experience has shown that this procedure is sufficient to prevent contamination.
Flow-through microfluorimeter
For comparative work we measured chloride in microsamples with a NANOFLO TM microfluorimeter and Duo-18 acquisition system (World Precision Instruments, Sarasota, FL, USA), using the fluorescent dye lucigenin [8] .
Reagents
The buffer components boric acid, sodium chromate tetrahydrate, tetradecyltrimethylammoniumbromide, lucigenin, and HEPES were all from Sigma-Aldrich (Poole, Dorset, UK). Serum and urine quality control material were from Sigma Diagnostics (Poole, Dorset, UK). Nitrate, chloride, phosphate, and a combined chloride/ bicarbonate standard were volumetric standards (Sigma-Aldrich). Citrate was prepared from trisodium citrate (BDH, Ltd., Poole, Dorset, UK). Iothalamic acid was obtained from Tyco (Conray 280; Tyco Healthcare UK, Ltd., Gosport, Hampshire, UK). All buffers, standards, and quality control material were prepared in deionized water (18.2 M ), produced by an Elgastat Spectrum RO (Elga, Ltd., High Wycombe, Bucks, UK).
Buffer preparation
For CE, the background electrolyte was composed of sodium chromate (5 mmol/L), tetradecyltrimethylam- For the flow-through microfluorimeter a 1 mmol/L solution of lucigenin was prepared in 10 mmol/L HEPES solution, pH 7.35. Calibration solutions of sodium chloride were also prepared in HEPES.
Sample and standard preparation
Tubular fluid samples were prepared by depositing the sample on the bottom of a watch-glass that had previously been half-filled with water-saturated paraffin oil. Using a glass constriction pipette previously calibrated by isotopic methods, a measured volume of sample (volume 30-70 nL) was delivered into 200 times its own volume of deionized water in a CE microvial. The samples were then frozen and stored at −20 • C. Immediately prior to analysis they were defrosted, spun briefly in a microcentrifuge (Labnet Int., Edison, NJ, USA) and placed on the CE sample tray. The collection tubes were capped with stretchable sealing film (Nescofilm; Azwell, Inc., Osaka, Japan) from the time of collection until the start of the analysis to minimize contamination and evaporation. Urine and quality control material were prepared by diluting them in deionized water in the same ratio as the tubular fluid samples. When comparing methods, measurements were taken relative to a control QC standard. Standards were analyzed by CE at a dilution of 1:200 in a volume of 10 lL, and also in standard vials of volume 200 lL. Samples for flow-through microfluorimetry were collected under oil as above, then 20 nL were removed using a constriction pipette and injected into the fluorimeter. This procedure was repeated twice for each sample.
Micropuncture experiments were performed on male Sprague-Dawley rats, weight 230 to 270 g, using standard techniques [19] . Some animals had undergone thyroparathyroidectomy 2 weeks previously. Briefly, the rats were anesthetized (sodium thiopentone, 100 mg/kg intraperitoneal injection) and tracheotomized; a cannula was inserted into a jugular vein for infusion of saline at 4 mL/hr; a cannula was inserted into the bladder for urine collection, and the left kidney was exposed, cleared of perinephric fat, and placed in a Perspex dish, which was clamped to the operating table (in order to minimize transmission of breathing movements). Finally, the left ureter was also catheterized. Tubular fluid was collected with sharpened glass micropipettes from mid-proximal convoluted tubules and from early distal tubules of superficial nephrons, using techniques described previously [19] . 
RESULTS
An electropherogram demonstrating separation and detection of the anions chloride, nitrate, citrate, phosphate, and bicarbonate under the conditions described is shown in Figure 2 . Figure 3 shows standard curves for chloride and phosphate covering the physiologic range. For these 2 anions the correlation coefficient (r) was 0.999. Figure 4 shows 2 standard curves for bicarbonate; with microvials, the correlation coefficient was 0.981, but with standard vials, it was 0.997. In contrast, chloride and phosphate gave identical curves with the 2 types of vials.
The detection limit was calculated using the mean baseline noise plus 3 standard deviations of the baseline noise in a sample of deionized water. On this basis the detection limits were 0.3 mmol/L for chloride, 0.3 mmol/L for phosphate, and 1.8 mmol/L for bicarbonate in samples diluted 1/200. The actual volume of diluted sample loaded onto the column was only 8.0 nL (Beckman CE Expert Software, Beckman Coulter UK, High Wycombe, Bucks, UK); therefore, the amount of anion present in the capillary at the detection limit is 12 fmol for chloride, 12 fmol for phosphate, and 72 fmol for bicarbonate. The repeatability of the method was determined by repeat analysis (N = 6) of an aqueous standard with a physiologic concentration of each anion (chloride 76.6 mmol/L, phosphate 5.1 mmol/L, and bicarbonate 3.4 mmol/L). The standard deviation in concentration was determined as 1.3 mmol/L for chloride, 0.3 mmol/L for phosphate, and 0.4 mmol/L for bicarbonate. The standard deviation in migration time was determined as 0.084 seconds for chloride, 0.33 seconds for phosphate, and 0.078 seconds for bicarbonate.
Resolution of the method for each anion was determined from the standard deviation of the standard curves under experimental conditions. This gave values of 7.7 mmol/L for chloride over the range of 0 to 350 mmol/L, 1.1 mmol/L for phosphate over the range 0 to 25 mmol/L, and 4.6 mmol/L for bicarbonate over the range 0 to 40 mmol/L. The reproducibility of the method was determined using certified quality control material. Four levels of control material were analyzed with each calibration; the results are summarized in Table 3 . For the urine control material, N = 14, and for the serum control material, N = 11.
Iothalamate detection by CE has been used to determine single-nephron glomerular filtration rate and tubular fluid reabsorption [20] . We therefore performed experiments to determine whether this anion could be detected using our method. Figure 5 shows an electropherogram of a chloride, bicarbonate, and phosphate multianion standard with iothalamate added at 10 lmol/L (equivalent to 2 mmol/L before 200-fold dilution). The iothalamate peak is distinct from all the other anions; there is no interference. The iothalamate peak is negative rather than positive in orientation because the other anions are detected indirectly (by displacement of chromium ions in the running buffer), whereas iothalamate is detected directly from its absorbance at 254 nm.
A comparison of the results obtained for chloride concentration using CE and the flow-through microfluorimeter is presented in Figure 6A . Each point represents a sample, either urine or tubular fluid, analyzed by both methods. The correlation coefficient was 0.980; examination of the differences between the methods using a Bland-Altman plot [21] (Fig. 6B ) showed no evidence of increased scatter at higher concentrations. Figure 7 shows the results from a series of tubular fluid samples collected by free-flow micropuncture from intact and thyroparathyroidectomized rats, indicating that the technique is applicable to biological samples, and can demonstrate changes in phosphate and chloride concentrations under experimental conditions. Phosphate was undetectable in the distal tubular fluid of thyroparathyroidectomized animals. Figure 8 shows a urine sample from an intact rat, collected at the same time as the first 2 tubular samples. Note that in comparison to the tubular samples, urine has much higher chloride concentration, no bicarbonate, and detectable amounts of nitrate and citrate; the identity of these last 2 peaks was confirmed by 'spiking' the urine samples with standard solutions (data not shown). Phosphate was absent from the urine of thyroparathyroidectomized animals.
DISCUSSION
The method described is capable of separating and measuring chloride, phosphate, and bicarbonate within the ranges of physiologic interest, in nanoliter volumes of biological material. We have shown that the method gives realistic and reproducible results in proximal and distal tubular fluid samples, in urine, and in control material, and that it can demonstrate changes in tubular fluid phosphate concentrations under experimental conditions. For each of the 3 analytes, results showed good agreement with certified control material. Comparison of chloride results obtained with this method and those obtained using a flow-through microfluorimeter showed a good correlation.
The present study has highlighted one limitation of the method: when microvials were used (a requirement for measurement in tubular fluid), the reproducibility of the results for bicarbonate (though not for phosphate or chloride) was relatively poor. We attribute this problem to CO 2 exchange between the sample and the atmosphere, which will be exacerbated in microvials with a high sur- face:volume ratio. This problem would be minimized by immediate analysis of samples, but owing to restrictions on where animal work can be carried out at our institution, we had to freeze our samples and analyze them in another location. Real-time analysis of samples is technically straightforward, and might offer further improvements in accuracy. The volume of diluted sample that is injected onto the capillary is only 8 nL, a very small fraction of the total sample. This means that a single sample can be analyzed repeatedly, allowing 3 or more replicate measurements to be made routinely, improving accuracy and allowing identification of rogue results. Although the instrument required has a significant initial cost, it has a number of other analytical applications in nephrology [20, 22] , and is not limited to this use alone, unlike more specialized equipment needed for some alternative techniques. At present, the method requires samples of approximately 30 nL. Alternative methods do exist, allowing quantification of individual anions in even smaller volumes, but performing multiple analyses simultaneously on separate instruments is difficult and time consuming, so the ability of the present method to allow the simultaneous analysis of several anions is an important advantage. We have demonstrated that micropuncture samples can be frozen and transported to any convenient laboratory for analysis by CE. This method can also be used for the measurement of nitrate, citrate, and, usefully, iothalamate.
CONCLUSION
The analysis is simple and fast to perform, it allows quantification of multiple anions, does not require highly specialized equipment, and has the potential to be a very useful ultramicroanalytical tool in renal research.
